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Abstract. We propose a minimal predictive scenario for dark matter and radiative neutrino
mass where the relic abundance of dark matter is generated from a hybrid setup comprising
of both thermal freeze-out as well as non-thermal freeze-in mechanisms. Considering three
copies of fermion triplets and one scalar doublet, odd under an unbroken Z2 symmetry, to
be responsible for radiative origin of neutrino mass, we consider the lightest fermion triplet
as a dark matter candidate which remains under-abundant in the sub-TeV regime from usual
thermal freeze-out. Late decay of the Z2-odd scalar doublet into dark matter serves as the non-
thermal (freeze-in) contribution which not only fills the thermal dark matter deficit, but also
constrains the mother particle’s parameter space so that the correct relic abundance of dark
matter is generated. Apart from showing interesting differences from the purely freeze-out
and purely freeze-in dark matter scenarios, the model remains testable through disappearing
charge track signatures at colliders, observable direct and indirect detection rates for dark
matter and prediction of almost vanishing lightest neutrino mass.
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1 Introduction
There have been a convincing number of evidences from astrophysics and cosmology related
experiments in the last several decades which suggest the presence of some non-baryonic and
non-luminous form of matter, called dark matter (DM) in large amount distributed across the
Universe. From the galaxy cluster observations by Fritz Zwicky [1] back in 1933, observations
of galaxy rotation curves in 1970’s [2], the more recent observation of the bullet cluster [3]
and the latest cosmology data provided by the Planck satellite [4], it is now certain that
around 27% of the present Universe is composed of such dark matter which is approximately
five times more than the ordinary baryonic matter. The present abundance of DM is often
quoted in terms of the density parameter Ω as [4]
ΩDMh
2 =
ρDM
ρc
h2 = 0.1186± 0.0020 (1.1)
where h =
H0
100 km s−1 Mpc−1
is a parameter of order unity whileH0 = (67.8±0.9) km s−1 Mpc−1
[4], is the present value of the Hubble parameter and ρc =
3H20
8piG is the critical density of the
Universe with G being the universal constant of gravity. In spite of all these evidences, the
particle nature of DM is not yet known leaving a wide range of possibilities. It is however,
certain that none of the standard model (SM) particles can satisfy the requirements [5] of
a typical DM candidate. This has led to several beyond standard model (BSM) proposals
in the last few decades, the most popular of which being the so called weakly interacting
massive particle (WIMP) paradigm. In this framework, a dark matter candidate typically
with electroweak scale mass and interaction rate similar to electroweak interactions can give
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rise to the correct dark matter relic abundance, a remarkable coincidence often referred to as
the WIMP Miracle.
One interesting aspect of WIMP dark matter paradigm is their masses and interactions
falling around the ballpark of the electroweak scale, which lead to their thermal production
in the early Universe. The relic of such a particle arise when its interactions fall below the
rate of expansion of the Universe, known as the freeze-out mechanism. These interactions
between DM and SM particles leading to its thermal production in the early Universe can also
lead to observable DM nucleon scattering cross sections. However, no such observations have
so far been made which could have been a direct detection of particle DM. The most recent
direct detection experiments like LUX, PandaX-II and XENON1T have also reported their
null results [6–10]. The absence of such direct detection signals have progressively lowered the
exclusion curve in DM-nucleon cross section versus DM mass plane. With such high precision
measurements, the WIMP-nucleon cross section will soon overlap with the neutrino-nucleon
cross section, known as the neutrino floor, making it difficult to distinguish a probable DM
signal from the neutrino ones. Although such null results at direct detection frontier could
indicate a very constrained region of WIMP parameter space, they have also motivated the
particle physics community to seek for a paradigm shift. One such scenario that has drawn
attention in the last few years is the non-thermal dark matter scenarios [11, 12]. In this case,
the DM particles have so feeble interactions with the remaining thermal bath that it never
attains thermal equilibrium at any epoch in the early Universe. However, it can be produced
from decay of some heavy particles or scattering processes, popularly known as the freeze-in
mechanism [12–15], leading to a new paradigm called freeze-in (or feebly interacting) massive
particle (FIMP). For a recent review of this DM paradigm, please see [16].
Instead of completely giving up on the WIMP framework due to the null results at
direct search experiments, here we consider a hybrid scenario where both thermal (freeze-
out) and non-thermal (freeze-in) contributions to DM relic abundance can be important. To
be more specific, DM can have sizeable interactions to be thermally produced in the early
Universe but also needs a non-thermal source to satisfy the correct relic abundance in the
present epoch. This idea was explored in several earlier works including [17–20] and references
therein. Recently, such a work was performed for the inert Higgs doublet dark matter model
[21] where the SM is extended by an additional scalar doublet odd under an in-built Z2
symmetry so that the lightest Z2-odd component is a stable dark matter candidate. In that
work the thermally under-abundant DM parameter space was revisited and it was shown
that a non-thermal contribution from an additional Z2-odd singlet neutral fermion can fill
this deficit while the other two cousins of this singlet neutral fermion along with the inert
scalar doublet can play a role in generating one loop radiative neutrino masses in scotogenic
fashion [22]. It is worth mentioning at this point that the observation of non-zero neutrino
masses and large leptonic mixing [23] has also been another motivation for BSM physics for
last few decades. While the addition of singlet right handed neutrinos to the SM content can
give rise to the usual seesaw mechanism [24–26] for neutrino mass at tree level, the scotogenic
framework can explain the origin of neutrino mass and dark matter in a unified manner. In
the earlier work [21] where both thermal and non-thermal contributions to scalar dark matter
abundance were studied, the initial abundance of the heavy singlet fermion was not explained,
but was fixed suitably in order to generate the required non-thermal contribution.
In the present work, we consider a more general study of this hybrid scenario within
the framework of another minimal model for dark matter and neutrino masses but with more
observable consequences. Here the singlet neutral fermions of the minimal scotogenic model
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[22] are replaced by fermion triplets having zero hypercharge, but odd under the Z2 symmetry.
As known from the discussions of fermion triplet dark matter (FTDM) model proposed by
Ma and Suematsu [27], the fermion triplet dark matter is usually under-abundant below 2.2
TeV mass due to its large annihilation cross section. Inclusion of non-perturbative effects on
dark matter annihilations [28, 29] which are more dominant for heavier dark matter masses,
pushes this bound on fermion triplet DM mass to around 2.7 TeV [30]. In this work, we
particularly focus on the fermion triplet dark matter mass around 1 TeV and check if a
non-thermal contribution can fill the deficit coming from thermal freeze-out. In a scotogenic
model with fermion triplet, the only non-thermal contribution for such 1 TeV DM can come
from the Z2 odd scalar doublet. Unlike the earlier work [21] where the mother particle
was a fermion singlet with tiny Yukawa coupling with the dark mater candidate, here the
mother particle has gauge interactions and hence can have thermal abundance due to the
usual freeze-out scenario. We solve the coupled Boltzmann equations corresponding to the
comoving number densities of the inert scalar doublet as well as fermion triplets to determine
the final relic abundance of fermion triplet DM. The inert scalar doublet, being heavier, freezes
out first followed by the freeze-out of the fermion triplet. Then a non-thermal contribution
from the inert scalar doublet fills the deficit in fermion triplet relic abundance from thermal
freeze-out. The requirement for correct fermion triplet DM abundance not only constrains
its coupling with the inert scalar doublet, but also the freeze-out abundance and hence the
parameter space of the latter. The other two cousins of the fermion triplet dark matter can
have sizeable coupling with inert scalar doublet and SM leptons to generate tiny neutrino
masses at one loop. Since the lightest fermion triplet almost decouples from neutrino mass
generation due to tiny Yukawa couplings (required for non-thermal production or freeze-in),
the lightest neutrino remains massless in our scenario. We also check the testability of the
model and find that such TeV scale fermion triplet DM can have observable consequences
and direct, indirect dark matter detection experiments as well as collider experiments like the
large hadron collider (LHC).
This paper is organised as follows. In section 2 we briefly discuss the fermion triplet
dark matter followed by its scotogenic extension and details of the model we adopt for our
present work in section 3. In section 4, we briefly discuss the generation of neutrino mass at
one loop and then move on to discussing the details of dark matter relic calculation in section
5. We then discuss different constraints or observational aspects of our dark matter scenario
at LHC, direct detection and indirect detection experiments in section 6, 7, 8 respectively.
We finally conclude in section 9.
2 Fermion Triplet Dark Matter (FTDM)
In this section, we discuss a stable fermion triplet of zero hypercharge as a dark matter
candidate, stabilised by an in-built Z2 symmetry. It is straightforward to realise the need
of additional Z2 symmetry as otherwise the triplet can decay into the SM Higgs and lepton
due to renormalizable couplings among them. A SU(2)L multiplet of higher dimensions can
however be naturally stable without any need of additional symmetries, along the minimal
dark matter spirit [31]. Fermion triplet dark matter was also studied by several other groups,
the most recent of which can be found in [30] within the framework of another class of models.
To be more technical, in a minimal setup of FTDM, the fermionic sector of the SM is extended
by a SU(2)L triplet ΣR =
(
Σ1R Σ
2
R Σ
3
R
)T with zero hypercharge. The triplet ΣR which is in
the adjoint representation of SU(2)L, can also be expressed in the fundamental representation
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as
ΣR =
σi ΣiR√
2
=
(
Σ0R/
√
2 Σ+R
Σ−R −Σ0R/
√
2
)
, (2.1)
where σi’s (i = 1 to 3) are the Pauli spin matrices, the generators of the fundamental represen-
tation of SU(2)L while Σ±R =
(
Σ1R∓ iΣ2R
)
/
√
2, Σ0R = Σ
3
R. Let us define Σ = ΣR+ ΣR
c, where
ΣR
c = C ΣR
T is the CP conjugate of ΣR and C being the charge conjugation operator. Note
that, by construction Σ is a Majorana fermion (Σc = Σ) however, not all the components of
Σ are Majorana fermions. We have shown in the Appendix A that only neutral component of
Σ is a Majorana fermion while the charged one is as usual a Dirac fermion. The Lagrangian
of the triplet Σ is given by
Ltriplet = i
2
Tr[Σ /DΣ]− 1
2
Tr[ΣMΣ Σ] , (2.2)
=
i
2
Tr[ΣR /DΣR] +
i
2
Tr[ΣR
c /DΣR
c]−
(
1
2
Tr[ΣR
cMΣ ΣR] + h.c.
)
, (2.3)
where,Dµ is the covariant derivative of ΣR and its expression is given in Eq. (A.3) of Appendix
A. Now, inserting Eq. (2.1) into Eq. (2.3), and using the relation ΣRc = C ΣR
T , we get
Ltriplet = ψ− i /∂ψ− + 1
2
ψ0i /∂ψ0 −MΣ ψ− ψ− − MΣ
2
ψ0 ψ0 − g
(
ψ−γµ ψ0W−µ + h.c.
)
+ g cos θw ψ−γµψ− Zµ + g sin θw ψ−γµψ−Aµ , (2.4)
where, we have defined ψ− = Σ−R+Σ
+
R
c, a four component Dirac spinor while ψ0 is a Majorana
fermion in four component notation as ψ0 = Σ0R + Σ
0
R
c and θw is the usual weak mixing
angle known as the Weinberg angle. In Appendix A, we have explicitly derived Eq. (2.4)
from Eq. (2.3). Now, if one introduces a Z2 parity on ΣR then the neutral component ψ0,
which is a Majorana fermion, can be a viable thermal dark matter candidate (WIMP). As
the Yukawa interaction terms among ΣR, SM leptons and Higgs boson are forbidden by
the Z2 symmetry hence the DM candidate ψ0 interacts with the SM particle only through
gauge interactions. Moreover, from the Lagrangian (Eqs. (2.3), (2.4)) it is evident that the
bare masses for all members of the fermionic triplet ΣR are identical to MΣ. However, one
can make the charged components ψ± heavier by considering one loop electroweak radiative
corrections [27, 31], which result in a mass splitting ∼ 166 MeV between Mψ± and Mψ0
for MΣ & 1 TeV. In this framework, the relic density of the lightest Z2-odd particle ψ0 is
determined by its pair annihilation into W+W− final state via t-channel exchange of ψ±.
Besides, the co-annihilations among ψ0 and ψ± into SM particles also play a crucial role in
relic density calculation as the mass splitting between the members of the fermionic triplet is
extremely small (∼ O(100 MeV)). The co-annihilations include several process like ψ0 ψ± →
W±Z (via t-channel exchange of ψ∓), ψ+ ψ− → ff¯ , W+W− (via s-channel exchange of Z),
ψ± ψ±(ψ∓) → W±W±(W∓) (via t-channel exchange of ψ0) etc. After including all these
annihilation and co-annihilation channels, the relic density of ψ0 satisfies the Planck limit [4]
for Mψ0 ∼ 2.2 TeV [27] (see green dashed line in Fig. 4 in Section 5). Therefore, the dark
matter mass allowed by the observational data from Planck satellite may not be produced
efficiently in LHC at the present centre of mass energy and luminosity. This has also led
to some recent discussions on fermion triplet dark matter with a singlet admixture, in order
to lower the bound on fermion triplet from relic abundance point of view and to enhance
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its production at colliders, see for example, [32]. It should be noted that such admixture of
singlet fermion with the neutral component of fermion triplet as dark matter candidate was
proposed long back by the authors of [33], motivated from its search prospects at LEP collider.
We consider another minimal modifications of the present model which is also motivated from
neutrino mass point of view, so that one can still have a much lighter triplet fermionic dark
matter which at the same time satisfies all the existing direct and indirect bounds and can
have tantalising detection prospects at the LHC. We will present a detailed discussion on this
topic in Section 6.
3 Scotogenic Extension of FTDM
In order to have nonzero neutrino masses and a light triplet fermionic dark matter, we have
extended the minimal model, described in the previous section, by two more triplets and
one inert doublet. Therefore, besides the usual SM fields, the present model contains three
fermionic SU(2)L triplets and one extra SU(2)L doublet Φ =
(
φ+
φ0 + i A0√
2
)T
. All these
extra BSM fields are odd under the discrete symmetry Z2. As a result, the Yukawa interaction
terms involving fermionic triplet, SM Higgs doublet and lepton doublet are forbidden. Hence,
one cannot generate tiny neutrino masses following usual Type-III seesaw mechanism [34–
36], where the above mentioned Yukawa terms play a pivotal role. Instead, in the present
model, we can write the Yukawa terms using the inert Higgs doublet Φ. However, the extra
doublet Φ, being an inert one (does not interact with SM fermions), does not have any vacuum
expectation value (VEV) (in order to maintain Z2 symmetry unbroken). Hence, there are no
neutrino masses at tree level (Type-III seesaw is not possible) and instead, the light neutrino
masses can be generated radiatively at one loop level following the scotogenic model [22].
This scotogenic version of Type-III seesaw model is also known as radiative Type-III seesaw
model, studied in different contexts by several authors [27, 37, 38].
Further, the Majorana type bare mass terms Tr
[
ΣαR
cMαβΣ ΣβR
]
are although invariant
under Z2 symmetry, the origin of such terms is not obvious in the present scenario. Therefore,
to understand a possible origin of bare mass term of fermionic triplet we introduce a scalar
field S′, which is a singlet under SM gauge group. Moreover, we also impose an additional
Z3 charges to ΣβR (β = 1 to 3) and S
′ such that the bare mass term of ΣβR is forbidden by
Z3 symmetry while at the same time Tr
[
ΣαR
c yαβs ΣβR
]
S′† term is allowed. Thus, when S′
gets a VEV, 〈S′〉 = vs√
2
, this term will generate the bare mass term MαβΣ ∼ yαβs vs. Apart
from that the singlet scalar S′ also helps the present model to evade the indirect detection
bounds on W+W− annihilation channel [39]. This limit is obtained from the non-observation
of excess gamma-rays, over the known backgrounds, due to dark matter annihilation from
dwarf spheroidal galaxies. Another interesting aspect of including this singlet scalar is to
enhance the dark matter direct detection rate by introducing a tree level scattering while the
minimal model had only radiative direct detection scattering at one loop level. We will have a
detailed discussion on this topic in Section 8. Furthermore, we have to impose appropriate Z3
charges to the SM leptons as well so that the Yukawa interaction terms involving both inert
doublet Φ and SM Higgs doublet H remain invariant under Z3 symmetry. The Z3 charges of
ΣβR and SM leptons can be ω
2 while that of S′ can be ω, where ω2, ω are the cube roots of
unity.
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The Lagrangian involving ΣβR, Φ and S
′ fields, which is invariant under SU(2)L ×
U(1)Y × Z2 × Z3 symmetry, is given by
LBSM ⊃ i
2
 3∑
β=1
Tr[ΣβR /DΣβR] + Tr[ΣβR
c /DΣβR
c]
−
 3∑
α, β=1
1
2
Tr[ΣαR
c
√
2 yαβs ΣβR]S
′† + h.c.

−
 3∑
α, β=1
yαβΣ lαLΣβRΦ˜ + h.c.
 + Lscalar(H, Φ, S′) , (3.1)
where Φ˜ = iσ2Φ? and the Lagrangian for the scalar fields are given by
Lscalar(H, Φ, S′) = (DµH)† (DµH) + (DµΦ)† (DµΦ) + ∂µS′† ∂µS′ + µ2H H†H − λH
(
H†H
)2
− µ22 Φ†Φ− λ2(Φ†Φ)2 + µ2s S′†S′ − µ3
(
S′3 + S′†
3)− λs (S′†S′)2
− λ3
(
H†H
)(
Φ†Φ
)
− λ4
(
H†Φ
)(
Φ†H
)
− λ5
2
(
(H†Φ)2 + h.c.
)
− λ6
(
H†H
)(
S′†S′
)
− λ7
(
Φ†Φ
)(
S′†S′
)
. (3.2)
where S′ =
h2 + i ζ√
2
, h2 and ζ are the real and imaginary parts of S′ respectively while
H =
(
0 h1+v√
2
)T
is the SM Higgs doublet in the unitary gauge. Following the procedure
given in the Appendix A, we can write the triplet Lagrangian in terms of ψ−β = Σ
−
β R
+ Σ+β R
c
and ψ0β = Σ
0
βR
+ Σ0βR
c as
LBSM ⊃
3∑
β=1
ψ−β i /∂ψ
−
β +
1
2
ψ0βi /∂ψ
0
β −
 3∑
α, β=1
yαβs ψ
−
α ψ
−
β +
yαβs
2
ψ0α ψ
0
β
h2
−i
 3∑
α, β=1
yαβs ψ
−
α γ5 ψ
−
β +
yαβs
2
ψ0αγ5 ψ
0
β
 ζ − g (ψ−β γµ ψ0βW−µ + h.c.)
+ g cos θw ψ
−
β γµψ
−
β Z
µ + g sin θw ψ
−
β γµψ
−
β A
µ
−
[
3∑
α, β=1
yαβΣ
(
1√
2
ναL PRψ
0
β + eαL PRψ
−
β
)(
φ0 − i A0√
2
)
− yαβΣ PL ψ−β ναLc φ−
+
yαβΣ√
2
eαLPRψ
0
β φ
− + h.c.
]
+ Lscalar(H, Φ, S′) . (3.3)
As mentioned earlier, when the real part of S′ gets VEV vs, the mass terms for both ψ−α and ψ0α
are generated from the third and fourth terms of the above Lagrangian as Mαβψ = y
αβ
s vs. For
simplicity, we have assumed that Mαβψ is a diagonal matrix with real and nonzero elements.
Therefore, both ψ0α and ψ−α are representing the physical states and the lightest neutral
fermion ψ01 can be our dark matter candidate with mass Mψ01 = ys vs
1. Furthermore, the
1For notational simplicity we choose y11s = ys.
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first term within the square bracket is responsible for tiny neutrino mass generation at one
loop level. We will have a detailed discussion on this topic in the next section (Section 4).
After SU(2)L × U(1)Y × Z3 symmetry breaking, the mass terms for the components of inert
Higgs doublet are
M2φ± = µ
2
2 +
1
2
(
λ3v
2 + λ7v
2
s
)
, (3.4)
M2A0 = µ
2
2 +
1
2
[
(λ3 + λ4 − λ5)v2 + λ7v2s
]
, (3.5)
M2φ0 = µ
2
2 +
1
2
[
(λ3 + λ4 + λ5)v
2 + λ7v
2
s
]
. (3.6)
On the other hand, after symmetry breaking there will be a mixing between the real scalar
fields of H and S′. The mixing matrix with respect to the basis (h1, h2) is given by
M2scalar =
2λHv2 λ6 v vs
λ6 v vs 2λsv
2
s +
3µ3 vs√
2
 . (3.7)
Clearly, h1 and h2 do not represent physical fields. However, after diagonalising the above
mass matrix, one can have two physical scalar fields h and S, which are two orthogonal linear
combinations of h1, h2 and the corresponding mixing angle is given by
tan 2ξ =
λ6 v vs
λH v2 − λs v2s − 3µ3 vs2√2
. (3.8)
We consider h is the SM-Like Higgs boson which was discovered at the LHC [40, 41]. The
mass of the pseudo scalar ζ is given by
M2ζ = −
3µ3 vs√
2
, (3.9)
where we need µ3 < 0 for M2ζ > 0. The trilinear terms of S
′ and S′† allowed by Z3 symmetry
play a crucial role in generating the mass term for the imaginary part of S′ after spontaneous
symmetry breaking of Z3. As a result, we can choose the mass of the pseudo scalar (ζ)
different than S and also heavier compared to the mass of our dark matter candidate ψ01,
so that it will not affect the relic density of ψ01. From Eqs. (3.9), one can easily find that
Mζ will be heavier than our dark matter candidate ψ01 when µ3 < −
√
2M2
ψ01
3 vs
. Now, using
Mψ01 = ysvs, we can rewrite the above limit on µ3 as µ3 < −
√
2 y2s
3
vs. On the other hand,
since µ3 acts oppositely to the expression of Ms, therefore one can also find a lower bound
on self coupling λs from the requirement of Ms > 0. Therefore, under the approximation of
small mixing angle ξ, the quartic coupling λs must be greater than
y2s
2
. In Sections 5 and 8,
we have considered ys = 1.5 for Mψ01 = 1 TeV and hence we need µ3 < −707.11 GeV and
λs > 1.13. One thing we want to note here that the considered hierarchy Mζ > Mψ01 > Ms
is solely for the calculational simplification. There may be a situation when Mψ01 > Mζ ,Ms,
where our dark matter candidate can annihilate to both ζ as well as S and in that case due
to the extra annihilation modes, the thermal contribution to dark matter relic abundance
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will be even less compared to the present scenario. The main difference between the minimal
model discussed in the previous section and the present model is that here, our dark matter
candidate ψ01, after its thermal freeze-out, gets some non-thermal contribution to the relic
abundance mainly from the decay of φ0. This eventually compensates the under abundance
of ψ01 in low mass regime Mψ1 . 2 TeV. We also consider the mass of φ0 to be smaller than
the heavier cousins of Σ1R so that φ0 decays preferentially to the dark matter candidate only.
This is also important from the point of view of neutrino mass (as we discuss in the next
section) because the couplings of Σ2R,3R with Φ and SM leptons have to be sizeable in order
to generate the correct one loop neutrino mass at sub-eV. Therefore, if Σ2R,3R are lighter
than Φ, then φ0 will also decay into these triplets reducing the branching ratio into the dark
matter candidate Σ1R, falling short of providing the required non-thermal contribution. We
will discuss in great detail about the thermal as well as non-thermal contributions to the relic
density of our dark matter candidate in Section 5.
4 Neutrino mass generation at one loop
In the present model since we have imposed both Z2 as well as Z3 charges to all three fermion
triplets ΣβR, neutrino masses can not be generated via tree level Type-III seesaw mechanism.
However, in this model we have an inert doublet Φ which is also odd under Z2 symmetry.
Hence we can write a Yukawa interaction term involving fermion triplet ΣβR inert doublet
Φ and SM lepton doublet lαL. Such term will be automatically Z2 invariant. However, Z3
invariance requires same Z3 charge to SM leptons as well since Φ does not have any Z3 charge.
Because, any nonzero Z3 charge of Φ, other than unity, will forbid the mass splitting between
A0 and φ0, which is λ5v2 (see Eqs. (3.5 and 3.6)). Later in this section, we will see that the
light neutrino masses are proportional to the mass splitting between A0 and φ0, hence we
cannot impose any non-trivial Z3 charge to Φ. Therefore, in this work as mentioned in the
previous section, we choose Z3 charge of ΣβR and lαL is ω
2. The Yukawa interaction terms
invariant under both continuous and discrete symmetries of the model are given as
LYukawa ⊃ −
3∑
α, β=1
yαβΣ lαLΣβRΦ˜ + h.c. ,
−
3∑
α, β=1
yαβΣ
(
1√
2
ναL PRψ
0
β + eαL PRψ
−
β
)(
φ0 − i A0√
2
)
− yαβΣ PL ψ−β ναLc φ−
+
yαβΣ√
2
eαLPRψ
0
β φ
− + h.c. , (4.1)
where we have used the definition of ψ−β and ψ
0
β give in Appendix A. As discussed in previous
section, the first term in the above Lagrangian is responsible for neutrino mass generation in
one loop level following the scotogenic model [22]. The Feynman diagram for neutrino mass
generation at one loop level is shown in Fig. 1. In Fig. 1, we have drawn the diagram with
φ0 as an intermediate loop particle. However, the same diagram with φ0 replaced by pseudo
scalar A0 is also possible. These two diagrams will differ by a -ve sign which actually helps
us to cancel the divergences of both diagrams. The expression of neutrino mass is then given
by [22]
Mναβ =
∑
ρ
yαρΣ y
βρ
Σ Mψ0ρ
64pi2
(
M2φ0
M2
φ0
−M2
ψ0ρ
ln
M2φ0
M2
ψ0ρ
− M
2
A0
M2
A0
−M2
ψ0ρ
ln
M2A0
M2
ψ0ρ
)
. (4.2)
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νi ψ
0
k νj
φ0 φ0
H H
×
⊗ ⊗
Figure 1. Feynman diagram of neutrino mass generation at one loop.
Now, if we consider the mass splitting between M0A and Mφ0 is small compared to (M
0
A +
Mφ0)/2, which is indeed true for our work (see Section 5), the expression for αβ element of
neutrino mass matrix simplifies to
Mναβ = λ5 v
2
64pi2
∑
ρ
yαρΣ y
βρ
Σ Mψ0ρ
M20 −M2ψ0ρ
(
1−
M2ψ0ρ
M20 −M2ψ0ρ
ln
M20
M2
ψ0ρ
)
, (4.3)
where M20 = (M0A + Mφ0)/2 and M
2
A0 −M2φ0 = λ5 v2 using Eqs. (3.5 and 3.6). It should
be noted that the requirement for non-thermal contribution to dark matter candidate in our
model constrains the Yukawa couplings of the lightest fermion triplet with the SM leptons
to be very small y11Σ ≈ y21Σ ≈ y31Σ ≤ 10−9, as we discuss in details below. As can be seen
from the one loop neutrino mass formula given above, such tiny couplings will practically
have a negligible contribution to light neutrino masses. This makes the lightest fermion
triplet to effectively decouple from the neutrino mass generation mechanism giving rise to
one almost massless and two massive light neutrinos which can be tested at experiments
which are sensitive to the absolute mass scale of neutrinos.
5 Relic Abundance of dark matter candidate Σ01R in Scotogenic FTDM
To compute the relic abundance of a dark matter candidate, one has to find the value of
comoving number density of dark matter species at the present epoch, which can be found
by solving the corresponding Boltzmann equation for the dark matter candidate we are con-
sidering i.e. ψ01. Moreover, while solving the Boltzmann equation for ψ01, we need to have the
information about the comoving number densities of other particles which are not in thermal
equilibrium but have significant impact on the production processes of ψ01. In other words, we
need to solve a system of coupled Boltzmann equations for all the out of equilibrium particles.
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The coupled Boltzmann equations for our present scenario are given by
dYψ01
dx
= −
(
45G
pi
)−1/2 Msc
x2
√
g? 〈σv〉Triplet
(
Y 2ψ01
− (Y eq
ψ01
)2
)
+
(
4pi3G
45
)−1/2
x
M2sc
√
g?
gs
(
〈Γφ0→ψ01 〉 Yφ0 + 2 〈Γψ±1 →ψ01 〉 Yψ−1
)
, (5.1)
dYφ0
dx
= −
(
45G
pi
)−1/2 Msc
x2
√
g? 〈σv〉IDM
(
Y 2φ0 − (Y eqφ0 )2
)
−
(
4pi3G
45
)−1/2
x
M2sc
√
g?
gs
〈ΓTotalφ0 〉 Yφ0 , (5.2)
dYψ−1
dx
=
(
4pi3G
45
)−1/2
x
M2sc
√
g?
gs
(
〈Γφ0→ψ−1 〉Yφ0 − 〈Γψ−1 →ψ01 〉Yψ−1
)
, (5.3)
where, Msc is some arbitrary mass scale and here we have considered Msc = Mψ01 . The first
Boltzmann equation describes the evolution of comoving number density of ψ01 where the
first term in the R.H.S. represents the thermal WIMP contribution to Yψ01 coming from the
annihilations and co-annihilations among the ψ01 and ψ
±
1 . As mentioned earlier, since the
mass splitting between ψ±1 and ψ
0
1 is ∼ O(100 MeV), the effect of co-annihilations [42, 43]
is significant to Yψ01 . In Eq. (5.1), 〈σv〉Triplet is the thermally averaged cross section for the
annihilation and co-annihilation channels which are contributing significantly to the freeze-
out process of ψ01. The Feynman diagrams of these processes are shown in Fig. 2. It is
worth mentioning that we are not taking any non-perturbative effects on DM annihilations
into account here which is justified by the fact that such effects are small for DM masses in
the sub TeV regime [28, 29]. This is in fact, another motivation for confining our discussion
to the sub-TeV mass regime of dark matter. Here, we have considered the mass difference
between ψ01 and other heavier triplet fermions (ψ0β , ψ
±
β , β = 2, 3) to be large so that the
co-annihilations of these heavier triplet fermions do not affect the freeze-out process of ψ01.
The second term in the R.H.S. of Eq. (5.1), which appears with an opposite sign to the
first one, is the non-thermal contributions to Yψ01 coming from the decays of φ
0 and ψ±1 and
the corresponding thermal averaged decay widths are indicated by 〈Γφ0→ψ01 〉 and 〈Γψ±1 →ψ01 〉
respectively. The general expression of thermal averaged decay width for a decay process
A→ BC is 〈ΓA→BC〉 = ΓA→BC
K1(
MA
T )
K2(
MA
T )
, whereMA is the mass of the mother particle A and
Kn is the nth order Modified Bessel function of second kind. These non-thermal contributions
proportional to the thermal averaged decay widths 〈Γφ0→ψ01 〉 and 〈Γψ±1 →ψ01 〉 respectively, are
effective only after the freeze-out of ψ01 before which ψ01 has equilibrium number density
governed by the Maxwell-Boltzmann distribution function. The decay of φ0 → ψ01 ν is due
to the Yukawa interaction (first term within the square bracket of Eq. (3.3)), which is also
responsible for the neutrino mass generation radiatively, while the decay of ψ±1 → ψ01 pi±
is possible due to an O(100 MeV) mass splitting between ψ±1 and ψ01. Although, ψ±1 has
some three-body decay modes like ψ+(−)1 → ψ01 + l¯(l) + ν(ν¯) and ψ+(−)1 → ψ01 + u(u¯) + d¯(d),
ψ±1 → ψ01 pi± is the dominant decay mode of charged fermion ψ±1 with nearly 97% branching
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Figure 2. Feynman diagrams for all possible annihilation and co-annhilation channels. Two diagrams
in first row are annihilation of ψ01 while rest are co-annihilations.
ratio [31]. The expression of decay width for ψ±1 → ψ01 pi± is given by
Γψ±1 →ψ01 =
g4 f2pi V
2
ud
128piM4W Mψ±1
∆M2triplet
(
(Mψ01 +Mψ±1
)2 −M2pi
)
×√√√√1− (Mψ01 −Mpi)2
M2
ψ±1
√√√√1− (Mψ01 +Mpi)2
M2
ψ±1
, (5.4)
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where ∆Mtriplet = Mψ±1 −Mψ01 ' 166 MeV, g is the SU(2)L gauge coupling, the pion decay
constant fpi = 131 MeV [31] and the first diagonal element of the CKM matrix Vud ' 0.974
respectively. Since we have assumed that there is no asymmetry between the comoving number
densities of ψ+1 and ψ
−
1 and decay widths Γψ−1 →ψ01 = Γψ+1 →ψ01 = Γψ±1 →ψ01 , the non-thermal
contribution arising from the decays of ψ+1 and ψ
−
1 are equal. Therefore, without explicitly
showing the contribution of ψ+1 in Yψ01 , we have multiplied the term for ψ
−
1 in Eq. (5.1) by a
factor of 2.
The second Boltzmann equation in Eq. (5.2), is the evolution equation for φ0. In the
R.H.S. of this equation, the first term is the collision term due to the annihilation and co-
annihilation processes among the components of inert doublet Φ. These processes were in both
thermal as well as chemical equilibrium in the early Universe and the lightest neutral compo-
nent φ0 of Φ freezes-out when these interaction rates become less than the expansion rate of
the Universe, which is governed by the Hubble parameter H(T ). The effective annihilation
cross section, which we have denoted by 〈σv〉IDM for φ0 and 〈σv〉Triplet for ψ01 respectively, can
be expressed as a weighted sum of individual annihilation and co-annihilation cross sections
[42]. We have calculated 〈σv〉IDM using micrOMEGAs package [44]. In the present scenario,
although φ0 has a Z2 charge, it is not the lightest Z2-odd particle in the model. Hence, it can
decay to other lighter Z2-odd particles such as ψ±1 , ψ01 2. These decay modes further decrease
the number density of φ0 after its thermal freeze-out and this effect has been included in
the Boltzmann equation of φ0 by the second term in the R.H.S. of Eq. (5.2), which is, as ex-
pected, proportional to the total decay width ΓTotalφ0 of φ
0. Finally, Eq. (5.3) is the Boltzmann
Equation for ψ−1 . As we know that after the freeze-out of ψ
0
1, the abundance of ψ
±
1 is zero.
However, ψ±1 can again be produced from the late decay of φ
0 and those ψ±1 eventually decay
to ψ01 and contribute to the non-thermal abundance of ψ01. In the R.H.S. of Eq. (5.3), the first
term is the production term of ψ−1 from the decay of φ
0 while the second one with an opposite
sign is the depletion term of ψ−1 . Like ψ
−
1 , one can also write a same Boltzmann equation for
ψ+1 as well, however since both ψ
+
1 and ψ
−
1 have identical interactions with other particles
and also we have assumed that there is no asymmetry in the initial number densities of ψ+1
and ψ−1 , hence we do not need to solve an extra Boltzmann equation similar to Eq. (5.3) for
ψ+1 . Ultimately, we have solved three coupled Boltzmann equations given in Eqs. (5.1-5.3)
numerically to find the comoving number density Yψ01 (T0) of ψ
0
1 at the present epoch, which
contains both thermal as well as non-thermal contributions. Finally, the relic density of our
dark matter candidate ψ01 can be computed from the value of Yψ01 (T0) using the following
relation [43]
Ωψ01h
2 = 2.755× 108
(
Mψ01
GeV
)
Yψ01 (T0) , (5.5)
where T0 ' 2.73 K, the present temperature of the Universe.
In the left panel of Fig. 3, we show the variation of comoving number densities of φ0,
ψ01 and ψ
±
1 with x =
Mψ01
T
. Here, the variation of Yφ0 is denoted by green solid line and as
mentioned above due to the finite decay width ΓTotalφ0 , the comoving number density of φ
0,
instead of becoming a constant with temperature T , decreases sharply after its freeze-out.
Due to this decrement of Yφ0 there is an increment in Yψ01 denoted by red solid line as more and
more ψ01 are being produced from the decay of φ0 after the thermal freeze-out of ψ01. In this
2Here we have assumed other triplet fermions are heavier than φ0.
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Figure 3. Left panel: Solution of coupled Boltzmann equations given in Eqs. (5.1)-(5.3) for a partic-
ular benchmark point Mψ01 = 1 TeV, Mφ0 = 2 TeV, Ms = 200 GeV, ∆M = 4 GeV, yΣ = 0.854× 10−9
and ys = 1.5. Right panel: Relic density of ψ01 for thermal interactions (yΣ = 0) and thermal plus
non-thermal interactions (yΣ = 0.854× 10−9).
figure, the evolution of ψ±1 is denoted by blue solid line, which gets produced from the decay
of φ0 at around x ∼ 25 and eventually Yψ±1 becomes negligibly small after having a minute
contribution to Yψ01 . This plot has been drawn for Mψ01 = 1 TeV, Mφ0 = 2 TeV, Ms = 200
GeV, ∆M = MA0 −Mφ0 = Mφ± −Mφ0 = 4 GeV 3, ys = 1.5 and yΣ = 0.854 × 10−9 4. In
absence of any non-thermal contribution from the decay of φ0, the thermal abundance of ψ01
is denoted by a cyan dashed line, which clearly shows the under abundance of ψ01 forMψ01 = 1
TeV due to its large annihilations and co-annihilations. In the right panel of Fig. 3, we plot
the variation of relic abundance of ψ01 with x for the same benchmark point mentioned above.
Here, the green solid line represents the relic abundance of ψ01 due to thermal freeze-out only
for Mψ01 = 1 TeV, i.e. the relic abundance of ψ
0
1 by considering its all possible annihilation
and co-annihilation channels as shown in Fig. 2. From this figure it is clearly seen that for
this benchmark point the thermal contribution, which is contributing only around ∼ 10% of
the canonical value ΩDMh2 = 0.12, is not enough to reproduce the correct dark matter relic
abundance. Hence there is need of an additional non-thermal contribution from the decay
of φ0 to compensate this deficit. Total abundance of ψ01 including contributions from both
thermal and non-thermal processes is shown by red solid line.
In Fig. 4 we show how Ωψ01h
2 varies with the mass of ψ01. In this plot, green dotted
line is for the pure fermion triplet dark matter model [27] (discussed in Section 2) and it is
clearly seen that in this model relic density of ψ01 satisfies the Planck limit for Mψ01 ∼ 2.2 TeV
which is consistent with the Ref. [27]. The blue dashed dotted line is for the present model
without any non-thermal contribution to relic density i.e. Yukawa coupling yΣ = 0. The
difference between this case with the pure fermion triplet dark matter is that here we have
extra annihilation and co-annihilation channels involving one or two S in the final states. In
this case, we have chosen Ms = 200 GeV and ys = 1.5. Hence, the relic density of ψ01 for
a particular mass Mψ01 is further suppressed. This is clearly evident from Fig. 4. Finally,
the red solid line represents variation of dark matter relic density, which has both thermal
as well as non-thermal contributions, for ∆M = 4 GeV, Mφ0 = 2 TeV, Ms = 200 GeV,
yΣ = 0.854 × 10−9 and ys = 1.5. Moreover, it also shows that for the chosen benchmark
3In this work, we have assumed Mφ± = MA0 , which is possible if λ4 = λ5.
4For simplicity we have assumed Yukawa couplings y11Σ = y21Σ = y31Σ = yΣ.
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Figure 4. Variation of Ωψ01h
2 with Mψ01 .
point the relic density of triplet fermion ψ01 satisfies the Planck limit for a mass as low as
Mψ01 = 1 TeV. Please note that the plot shown in Fig. 4 is for illustrative purposes only in
order to show the difference between possible scenarios discussed here. We have not taken
non-perturbative effects into account in dark matter annihilations which can be significant if
we go to high mass regime beyond 1 TeV. If we take them into account, as discussed by the
authors of [28, 29], the point in the green and the blue lines where correct relic is satisfied
will shift further towards right.
Now, we will present the effect of four model parameters on Yψ01 . These four model pa-
rameters have significant impacts on the non-thermal contributions to Yψ01 . While generating
the four plots, we have kept fixed the other parameters (expect the particular one which has
been varied) to the same benchmark point we have used to generate Fig. 3. In Fig. 5(a), we
show the variation of Yψ01 with x for four different values of ∆M = Mφ±−Mφ0 = MA0−Mφ0 .
From this plot it is seen that the value of Yψ01 , after the thermal freeze-out of ψ
0
1, increases
as we decrease the mass splitting between φ0 and other components of inert doublet Φ i.e.
φ± and A0 5. This can be understood as follows. From the inert doublet dark matter model
[21, 45–50] we know that the abundance φ0 increases as ∆M decreases and it is due to the
cancellation between four point diagram and t, u channel diagrams for annihilation channels
of φ0 into gauge boson final states W+W−, ZZ and this is also true for the co-annihilation
channels of inert scalars. Now, similarly here also Yφ0 increases with decreasing ∆M . Again,
from Eq. (5.1) one can easily notice that the non-thermal contribution to Yψ01 coming from
the decay of φ0 is proportional to Yφ0 . Hence Yψ01 also increases as we decrease the mass
splitting ∆M . The dependence of Yψ01 on Mφ0 is shown in Fig. 5(b), where we have consid-
ered four different values of Mφ0 . From this plot, we see that Yψ01 keeps on increasing as we
5In this work, for simplicity we choose Mφ± = MA0 .
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Figure 5. Comparison of Yψ01 with respect to different model parameters.
lower the mass of φ0. This is due to the fact that the non-thermal contribution to Yψ01 is
proportional to two quantities. One is the abundance of φ0 during the decay to ψ01, which
occurs after the freeze-out of φ0 (see left panel of Fig. 3) and other one is the corresponding
decay width Γφ0→ψ01 . The behaviour of these two quantities are opposite with respect to
Mφ0 . While decay width Γφ0→ψ01 is proportional to Mφ0 , the comoving number density of
φ0 is less and becomes more suppressed for heavier φ0 during the period when maximum
decay to ψ01 occurs. This is because, primarily the comoving number density of φ0 after its
freeze-out is less for higher value of Mφ0 (valid for a fixed value of ∆M and Mφ0 & 1 TeV)
and additionally the total decay width ΓTotalφ0 of φ
0 which gets enhanced with Mφ0 , has a
negative impact on Yφ0 (see Eq. (5.2)), which further reduces Yφ0 with respect to Mφ0 in
the considered range. Therefore, finally we get a combined effect of both the terms Yφ0 and
Γφ0→ψ01 on Yψ01 , where Yψ01 increases with decreasing Mφ0 . In Fig. 5(c), we demonstrate how
Yψ01 depends on the mass of ψ
0
1. Here, we have shown the variation of Yψ01 with x for three
different values of Mψ01 such as 500 GeV, 1000 GeV and 1500 GeV. From this plot one can
see that the final saturation value of Yψ01 is more for dark matter candidate with heavier
mass. This is due to the reason that the thermal abundance of ψ01, which is approximately
inversely proportional to its annihilation and co-annihilation cross sections, is larger for heav-
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ier ψ01. Also, we don’t get same enhancement in Yψ01 while going from 500 GeV to 1000 GeV
and 1000 GeV to 1500 GeV. This is because, the decay width Γφ0→ψ01 becomes phase space
suppressed as Mψ01 → Mφ0 . As a result, non-thermal contribution, which is proportional to
Γφ0→ψ01 , decreases with Mψ01 . Hence, we get the saturation values of Yψ01 for 1000 GeV and
1500 GeV, which are not much different from each other. Finally, we show the dependence of
the evolution of Yψ01 with x on Yukawa coupling yΣ, where we have considered six different
values for the Yukawa coupling yΣ and we find that the correct relic density is achieved for
yΣ = 0.854×10−9. As the total decay width ΓTotalφ0 of φ0 is proportional to y2Σ, the smaller yΣ
results in a late decay of φ0 to ψ01. Hence, the increase of Yψ01 due to the non-thermal decay
of φ0 → ψ01 + ν also occurs much later for smaller value of yΣ. This effect can be understood
by comparing the magenta dashed curve and blue dashed-dotted curve in Fig. 5(d), where
magenta and blue lines are for yΣ = 0.171 × 10−8 and 0.854 × 10−10 respectively. Further,
we have seen an anomalous behaviour in the effect of Yukawa coupling yΣ on Yψ01 . Generally
for the non-thermal dark matter (FIMP), the relic abundance increases as we increase the
coupling between mother particle and dark matter. As a result, more dark matter particles
are produced from the decay of mother particle which is assumed to be in thermal equilib-
rium and the equilibrium abundance of mother particle does not depend on its decay width
to FIMP dark matter. However, in the present case the mother particle φ0 becomes out of
thermal equilibrium at the time of non-thermal production of ψ01. Now, from the Boltzmann
equation of ψ01 (Eq. (5.1)), one can easily see that the rate of increase of Yψ01 due to the decay
to φ0 is proportional to Yφ0 and Γφ0→ψ01 . The comoving number density Yφ0 can be obtained
by solving the Boltzmann equation for φ0 (Eq. (5.2)), where the last term proportional to the
total decay width of φ0 (ΓTotalφ0 ) further decreases Yφ0 from its freeze-out abundance. Now,
if we increase the Yukawa coupling yΣ, the total decay width ΓTotalφ0 which is proportional to
y2Σ, also increases. This in turn decreases Yφ0 . On the other hand, any increase of yΣ is also
accompanied by an enhancement of the decay width Γφ0→ψ01 . Therefore, in the Boltzmann
equation of ψ01, there is a competition between the two quantities Yφ0 and Γφ0→ψ01 , which
are behaving oppositely with respect to the variation of yΣ. The final abundance of ψ01 will
follow the behaviour of that quantity which depends more strongly on yΣ. From Fig. 5(d),
we find that the final abundance of ψ01 actually decreases as we increase the Yukawa coupling
yΣ from 0.171 × 10−10 to 0.854 × 10−8. This makes the present scenario different from the
usual FIMP scenario [12, 51–53], where the final abundance of dark matter always increases
with associated couplings.
In Fig. 6, we show our allowed parameter space in yΣ − ∆M plane which reproduces
the correct dark matter relic density. The colour code is indicating the mass of our dark
matter ψ01 which we have varied between 500 GeV to 1500 GeV while the corresponding mass
of φ0 is scanned over the following range: 2Mψ01 ≤ Mφ0 ≤ 2Mψ01 + 2000 GeV. The plot in
left panel is for a fixed value of other Yukawa coupling ys which we have kept fixed at 1.5
while for the plot in the right panel, we have varied the Yukawa coupling ys between 0.1
to 2. From the plot in the left panel, one can see that to produce the dark matter relic
density in the right ballpark, we need 10−10 ≤ yΣ ≤ 4 × 10−9 depending upon the mass
splitting ∆M between the inert scalars, which is also tightly constrained to be less than 5.5
GeV. However, from the right panel it is also noticeable that these ranges of Yukawa coupling
yΣ and mass splitting ∆M are slightly larger when we have also varied the singlet Yukawa
coupling 0.1 ≤ ys ≤ 2. This is because the thermal contribution to relic density becomes
fixed for a particular set of values of Mψ01 , Mφ0 , Ms, ∆M and ys. In this case, the amount of
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Figure 6. Allowed parameter space in yΣ −∆M for ys = 1.5 (left panel) and 0.1 ≤ ys ≤ 2.0 (right
panel). In both plots mass of φ0 has been varied between 1 TeV to 5 TeV and Ms is kept fixed at 200
GeV.
deficit in relic density which is compensated by the non-thermal production is also a definite
number as the total relic density should lie with the observed band 0.1166 ≤ ΩDMh2 ≤ 0.1206
in 68% C.L. However, if we vary the singlet Yukawa ys while keeping others fixed at their
respective values (∆M,Mφ, Mψ01 and Ms) then the thermal contribution to Ωψ01h
2 also varies
and hence we require different non-thermal contributions to achieve correct dark matter relic
density and consequently more parameter space in yΣ − ∆M plane become allowed. Later
when we will discuss the constrains coming from the indirect detection we will see that for
the considered mass range of Mψ01 we need ys & 1 (see Fig. 10). Moreover, from both these
plots it is clearly evident the for heavier dark matter mass we need larger values of yΣ and
∆M to achieve Ωψ01h
2 in the correct ballpark.
6 LHC constraints on ψ±1
In this section, we briefly discuss the testability of our model at the LHC experiment. There
have been several dedicated searches for possible dark matter signatures at colliders, a recent
summary of which can be found in [54, 55]. Instead of usual missing transverse energy
associated with dark matter production at colliders, in our model there exists a different
(rather unique to a limited class of scenarios) signature that is within the reach of LHC.
This is basically the collider production of different components of the fermion triplet Σ1R
through gauge interactions and subsequent decay of the heavier components into the lighter
one. Since dark matter candidate ψ01 is the lightest component, the heavier component ψ
±
1
must decay into ψ01 and other SM particles. This decay is actually interesting due to small
mass splitting ∆Mtriplet ' 166 MeV betweenMψ±1 andMψ01 forMΣ & 1 TeV. For such a small
mass difference, the dominant decay mode is ψ±1 → ψ01 pi±, the corresponding decay width of
which is given by Eq. (5.4). Such tiny decay width keeps the lifetime of ψ±1 considerably long
enough that it can reach the detector before decaying. In fact, the ATLAS experiment at the
LHC has already searched for such long-lived charged particles with lifetime ranging from 10
ps to 10 ns, with maximum sensitivity around 1 ns [56]. In the decay ψ±1 → ψ01 pi±, the final
state pion typically has very low momentum and it is not reconstructed in the detector. On
the other hand the dark matter particle in the final state ψ01 is perfectly stable and leaves the
detector without interacting. Therefore, it gives rise to a signature where a charged particle
– 17 –
leaves a track in the inner parts of the detector and then disappears leaving no tracks in the
portions of the detector at higher radii. The ATLAS constraints on such disappearing charged
track signatures for a long lived chargino decaying into a pion and wino dark matter is shown
as the solid green line in Fig. 7. Since our dark matter multiplet is similar to the multiplet
containing chargino, wino with similar production cross section at LHC as shown in Table 1
for fermion triplets and in [57, 58] for gauginos, we compare our model predictions against
this constraint from ATLAS. The lifetime predictions for ψ±1 as a function of DM mass is
shown as the solid red line in Fig. 7. It can be seen that the existing LHC constraint can
already rule out DM masses below 500 GeV from its searches for disappearing charged tracks,
keeping the DM parameter space considered in this study within near future sensitivity.
 decay lenght of ψ1±
ATLAS bound 
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Figure 7. Lifetime of ψ±1 versus DM mass compared with the ATLAS bound on disappearing charge
track searches.
Mψ01 (TeV) σp p→ψ+1 ψ−1 (pb) σp p→ψ±1 ψ01 (pb)
0.5 1.493 × 10−2 4.394 × 10−2
0.6 6.338 × 10−3 1.92 × 10−2
0.7 2.938 × 10−3 9.1 × 10−3
0.8 1.464 × 10−3 4.6 × 10−3
0.9 7.588 × 10−4 2.43 × 10−3
1.0 4.103 × 10−4 1.33 × 10−3
1.1 2.305 × 10−4 7.468 × 10−4
1.2 1.305 × 10−4 4.308 × 10−4
1.3 7.600 × 10−5 2.508 × 10−4
1.4 4.490 × 10−5 1.494 × 10−4
1.5 2.687 × 10−5 8.978 × 10−5
Table 1. Production cross sections of ψ+1 ψ
−
1 and ψ
±
1 ψ
0
1 from p p collisions at
√
s = 14 TeV LHC.
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7 Direct Detection
The most convincing way to probe a particle dark matter candidate is the direct detection
experiments. There have been serious efforts in this direction for last few decades where
ground based detectors made up of different heavy nuclei have been used to probe processes
where a DM particle passing through the detector can interact with a nuclei giving rise to
some recoil. Such experiments have significantly improved their sensitivities over the years,
with their present exclusion limits on spin independent DM-nucleon scattering cross section
lying very close to the coherent neutrino-nucleon scattering rate [6–10]. Interestingly, our
present model has good prospects for direct detection frontiers which is usually not there for
purely freeze-in type dark matter candidates. Being part of an electroweak multiplet, the dark
matter can interact with SM through gauge interactions and also through scalar interactions
present due to the singlet scalar field S′. Due to the absence of neutral current interactions
of our dark matter candidate at tree level, the gauge boson mediated DM-nucleon scattering
can arise only at radiative level. However, due to the existence of singlet scalar mixing with
the SM like Higgs, such scalar mediated DM-nucleon scattering can occur at tree level as
well. The Feynman diagrams corresponding to these processes are shown in Fig. 8 all of
which can lead to spin independent (SI) direct detection (DD) scattering processes. For pure
triplet fermion case we have to exclude the last one as there exists no singlet scalar in that
scenario. The dark matter candidate ψ01 has two different one loop DD scattering: a Higgs
penguin with W± loop and the box diagram in Fig. 8. The low energy effective Lagrangian
for the ψ01-quark one loop interaction have already been discussed in [59]. So the effective
Lagrangian for the loop diagrams can be written as
Lψ01q =
∑
i
λiqψ¯
0
1ψ
0
1 q¯q (7.1)
λiq = −α22
mqi
mψ01m
2
h
1− 4ηW + 3η2W + (2− 4ηW ) log ηW
(1− ηW )3
+α22
mqi
mψ01m
2
W
2− 3ηW + 6η2W − 5η3W + 3ηW (1 + η2W ) log ηW
6(1− ηW )4 (7.2)
where ηW ≡ m
2
W
m2
ψ01
and α2 = g
2
4pi . In Eq. (7.2), the first term is the effective coupling for the
Higgs penguin diagram and the second term is the same for the box diagram. We have shown
the corresponding spin-independent direct detection cross-section as a function of DM mass in
the left panel of Fig. 9, which is about two orders of magnitude below the current XENON1T
bound [8]. In spite of electroweak gauge interactions being involved in the scattering, this is
in a way expected due to loop suppressions involved.
The other possible diagram coming from the introduction of the singlet scalar can, on
the other hand, give rise to larger DD cross-section if the singlet scalar S′ has sizeable mixing
with the SM like Higgs. The relevant cross section can be written as
σSI =
y2s µ
2
ψ01n
m2n
pi m4s v
2
f2p ξ
2 (7.3)
where ys, fp, ξ and mn are the new Yukawa coupling, form factor, S′-Higgs mixing parameter
(defined in Eq. (3.8)), and nucleon mass respectively. We have also fixed the singlet mass
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×
Figure 8. Spin-independent DD scattering processes in the model. The first two processes are for
pure triplet fermion dark matter model while the last one arises additionally in the present model due
to the introduction of the singlet scalar S′.
σψ01n→	ψ01n(Pure	Triplet)XENON1T	Bound
σ S
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m
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Figure 9. Left panel: DD cross-section for pure triplet fermion as a functions of DM mass. Right
panel: DD cross-section for singlet scalar mediated diagram as a function of DM mass for different
benchmark values of ξ with fixed Ms =200 GeV and ys = 1.5.
(Ms) at 200 GeV, like in the calculation for relic abundance. As the DM-nucleon reduced
mass µψ01n is nearly close to the mass of the nucleon for the chosen range of DM masses, this
scattering cross section is almost independent of the DM mass. This in fact serves as another
motivation of introducing the singlet scalar S′ apart from being responsible for generating DM
mass dynamically. This singlet scalar allows the model to be testable at ongoing and upcoming
direct detection experiments for a wide range of DM masses. We show the contribution of
this scalar mediated diagram to DD scattering in the right panel of Fig. 9 for three different
mixing parameter ξ values (ξ = 0.1, 0.075, 0.05). From the Fig. 9 it is clear that the σSI lies
above the XENON1T bound for ξ = 0.1, whereas for ξ = 0.075 it is partially allowed and for
ξ = 0.05 it is just below the present bound for the chosen mass range of DM.
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Figure 10. Parameter space of Yukawa coupling ys andMψ01 that satisfy the relic density constraint.
The color-bar indicates the variation of the another Yukawa yΣ. The Black line corresponds to the
Fermi-LAT bound, the points above that line are allowed. To generate this plot we have fixed the
singlet mass (Ms) at 200 GeV.
8 Indirect Detection
Apart from direct detection experiments, DM parameter space in our model can also be probed
at different indirect detection experiments (space as well as ground based) that are looking
for SM particles produced either through DM annihilations or via DM decay in the local
Universe. Among these final states, photon and neutrinos, being neutral and stable can reach
the indirect detection experiments without getting affected much by intermediate regions. If
the DM is of the type we have in our model, having TeV scale masses and sizeable interaction
with the SM particles, these photons lie in the gamma ray regime that can be measured at
space based telescopes like the Fermi-LAT or ground based telescopes like MAGIC. Here we
constrain the DM parameter space from the indirect detection bounds arising from the global
analysis of the Fermi-LAT and MAGIC observations of dSphs [39].
Since the heavier components of the fermion triplet are not there in the present Universe,
we need to consider the DM self annihilations into the charged particles of the SM. The only
possible process of this type is the DM annihilation into a pair of W bosons which is indeed
constrained tightly from gamma ray observations [39]. Such bounds on 〈σv〉DMDM→W+W− are
derived assuming 100% annihilation of DM into these final states. Since we have another DM
annihilation in this model namely, the one with a pair of singlet scalars S′ in the final states
which do not contribute to gamma rays due to neutral final states, we take into account
the relative factor between these two annihilation rates while applying the indirect detec-
tion bound on 〈σv〉DMDM→W+W− . Due to sizeable DM annihilation rates into neutral singlet
scalars in our model, the gamma ray constraints on DM annihilations into W boson pairs get
weaker in our model, saving the parameter space under study. It should be noted that in the
pure fermion triplet dark matter model, gamma ray bound will completely rule out low mass
region of DM mass we are studying [28] as the annihilation rate for 〈σv〉DMDM→W+W− is 100%
in that model. Therefore, weakening the indirect detection bound arise as another motivation
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for the singlet scalar S′ apart from generating DM mass dynamically and giving rise to tree
level direct detection rates as discussed before. In Fig. 10 we have shown allowed parameter
space in the ys versus Mψ01 plane where we have also varied Yukawa of the inert doublet yΣ
while fixing the singlet scalar mass at 200 GeV. All the points shown there are satisfying the
relic density constraint and the black solid line corresponds to the present Fermi-LAT plus
MAGIC bound on DM annihilation to W±. The points below the black line are ruled out
from these bounds which shows that we need large ys to satisfy the present bound. As the
x-axis goes all the way upto DM mass of 1.5 TeV where non-perturbative effects (Sommerfeld
enhancement) on DM annihilations can be sizeable, we use the results of [28] to derive the
exclusion line shown in Fig. 10. As we go into higher mass values, the Sommerfeld enhance-
ment becomes more and more efficient which can be seen by the sharp rise in the black solid
line towards the right end of the plot, requiring stronger Yukawa coupling ys to keep the DM
self annihilations to neutral particles more dominant over 〈σv〉DMDM→W+W− . Future data
from gamma ray telescopes should be able to probe more parts of this region of dark matter
masses as well as Yukawa coupling ys, keeping the indirect detection prospects of the model
very promising.
9 Summary and Conclusion
We have studied a minimal model for dark matter and radiative neutrino mass where dark
matter relic abundance is generated from a hybrid setup consisting of both freeze-out and
freeze-in scenarios. Considering a radiative type III seesaw scenario with the lightest fermion
triplet being the dark matter candidate stabilised by an in built Z2 symmetry, we first show
how the neutral component of this fermion triplet having mass around 1 TeV remains under-
abundant from thermal freeze-out mechanism. We then consider a non-thermal (freeze-in)
contribution from the late decay of Z2-odd scalar doublet to fill the deficit created during
thermal freeze-out. We solve the coupled Boltzmann equations involving the mother particles
and the dark matter candidate and find the parameter space that can lead to the correct
relic abundance of dark matter. Due to the coupled nature of these equations, we can si-
multaneously constrain both dark matter as well as mother particle parameter space. The
mother particle, being heavy, freezes out first followed by the freeze-out of dark matter and
then the late decay of the mother particle into the dark matter particles. Such a hybrid setup
has some interesting differences from the usual freeze-in dark matter scenarios. One notable
difference we found was the dependence of non-thermal contribution on the corresponding
Yukawa coupling between mother particle and dark matter. In the usual FIMP scenario,
the non-thermal contribution always increases with such Yukawa, while in the present case
it is not necessarily so. This is due to the role of the same Yukawa coupling in deciding the
freeze-out abundance of the mother particle which later gets converted into non-thermal part
of DM through late decay.
Apart from satisfying the correct relic abundance of dark matter within this hybrid
setup having distinguishable features from pure WIMP and pure FIMP scenarios, the model
also has promising detection prospects at collider, direct and indirect detection experiments.
The presence of a scalar singlet which generates the dark matter mass dynamically in this
model, plays a non-trivial role in keeping the model parameter space not only allowed from
current experimental constraints but also very close to present as well as upcoming experi-
mental sensitivity leaving a very promising scope for verifiability. This is in contrast to the
typical freeze-in dark matter models which have very limited detection prospects due to tiny
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couplings. In principle, any mass of dark matter in the thermally under-abundant regime
(Mψ01 ≤ 2.2 TeV) can be revived by adding a non-thermal contribution. However, due to
tight constraints from LHC (evident from Fig. 7), we get a lower bound of around 500 GeV.
Also, as we go above 1 TeV mass, the indirect detection constraints become severe (evident
from Fig. 10), requiring large couplings of dark with the singlet scalar. Such large cou-
plings will get large corrections under renormalisation group evolutions, making the model
non-perturbative at a low scale. Therefore we stick to a mass window near the 1 TeV.
In the neutrino sector also this model remains predictive as the lightest neutrino mass
is vanishingly small due to tiny Yukawa couplings of the lightest fermion triplet, required
for its non-thermal production at late epochs. Such vanishing lightest neutrino mass can
have interesting consequences at experiments sensitive to the absolute neutrino mass scale.
The model however suffers from the fine-tuning issue related to the above mentioned Yukawa
coupling of the lightest fermion triplet to the leptons. Such tiny couplings can be generated
within the framework of more general scenarios some of which also provide a UV completion
[53, 60, 61].
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A Full calculation of the Lagrangian of fermionic triplet Σ
We have constructed a fermionic triplet Σ using ΣR and its CP conjugate ΣRc = C ΣR
T as
Σ = ΣR + ΣR
c. The Lagrangian of Σ can be written as
Ltriplet = i
2
Tr[Σ /DΣ]− 1
2
Tr[ΣMΣ Σ] , (A.1)
=
i
2
Tr[ΣR /DΣR] +
i
2
Tr[ΣR
c /DΣR
c]−
(
1
2
Tr[ΣR
cMΣ ΣR] + h.c.
)
. (A.2)
The covariant derivative of ΣR is defined as
DµΣR = ∂µΣR + i g
[
3∑
a=1
σa
2
W aµ ,ΣR
]
, (A.3)
where, g is the SU(2)L gauge coupling and W aµ (a = 1 to 3) are three corresponding gauge
bosons. Now, using the expression of ΣR given in Eq. (2.1), the covariant derivative of ΣR
can be further expressed in terms of the components of ΣR as
DµΣR = ∂µΣR +
i g
2
(√
2(W+µ Σ
−
R −W−µ Σ+R) 2 (W 3µ Σ+R −W+µ Σ0R)
2 (W−µ Σ0R −W 3µ Σ−R)
√
2(W−µ Σ
+
R −W+µ Σ−R)
)
. (A.4)
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Moreover, using Eq. (2.1) and the definition of ΣcR, the CP conjugate of ΣR can also be
expressed in a 2× 2 matrix notation as
ΣcR =
(
Σ0R
c
/
√
2 Σ−R
c
Σ+R
c −Σ0Rc/
√
2
)
, (A.5)
Similarly, using Eq. (A.3) and Eq. (A.5), the covariant derivative of ΣcR is given by
DµΣ
c
R = ∂µΣ
c
R +
i g
2
(√
2(W+µ Σ
+
R
c −W−µ Σ−R
c
) 2 (W 3µ Σ
−
R
c −W+µ Σ0Rc)
2 (W−µ Σ0R
c −W 3µ Σ+R
c
)
√
2(W−µ Σ
−
R
c −W+µ Σ+R
c
)
)
. (A.6)
Now, using Eq. (A.4), let us simplify the first term of Eq. (A.2):
i
2
Tr[ΣR /DΣR]
=
i
2
(
Σ0R /∂Σ
0
R + Σ
−
R
/∂Σ−R + Σ
+
R
/∂Σ+R
)
− g
4
(
2 Σ0Rγ
µΣ−RW
+
µ − 2 Σ0RγµΣ+RW−µ
+2 Σ−Rγ
µΣ0RW
−
µ − 2 Σ+RγµΣ0RW+µ + 2 Σ+RγµΣ+RW 3µ − 2 Σ−RγµΣ−RW 3µ
)
. (A.7)
Moreover, using the relations Σ+R
c
= C Σ+R
T
and Σ0R
c
= C Σ0R
T
, one can further rewrite the
above equation in terms of Σ+R
c instead of Σ+R as
i
2
Tr[ΣR /DΣR]
=
i
2
(
Σ0R /∂Σ
0
R + Σ
−
R
/∂Σ−R + Σ
+
R
c /∂Σ+R
c
)
− g
4
(
2 Σ0RγµΣ
−
RW
+
µ + 2 Σ
+
R
c
γµΣ0R
c
W−µ
+2 Σ−Rγ
µΣ0RW
−
µ + 2 Σ
0
R
c
γµΣ+R
c
W+µ − 2 Σ+R
c
γµΣ+R
c
W 3µ − 2 Σ−RγµΣ−RW 3µ
)
. (A.8)
In the above equation, we have used the following properties of charge conjugation operator:
C−1 γµC = −γTµ ,
C−1 γ5C = γT5 ,
CT = −C ,
C† = C−1 . (A.9)
Similarly, let us simplify the second term of Eq. (A.2) using Eq. (A.6):
i
2
Tr[ΣR
c /DΣR
c]
=
i
2
(
Σ0R
c /∂Σ0R
c
+ Σ−R
c /∂Σ−R
c
+ Σ+R
c /∂Σ+R
c
)
− g
4
(
2 Σ0R
c
γµΣ+R
c
W+µ − 2 Σ0RcγµΣ−R
c
W−µ
+2 Σ+R
c
γµΣ0R
c
W−µ − 2 Σ−R
c
γµΣ0R
c
W+µ + 2 Σ
−
R
c
γµΣ−R
c
W 3µ − 2 Σ+R
c
γµΣ+R
c
W 3µ
)
. (A.10)
One can change the field Σ−R
c by Σ−R in the above equation using the relation Σ
−
R
c
= C Σ−R
T
and the properties of C operator mentioned in Eq. (A.9) as
i
2
Tr[ΣR
c /DΣR
c]
=
i
2
(
Σ0R
c /∂Σ0R
c
+ Σ−R /∂Σ
−
R + Σ
+
R
c /∂Σ+R
c
)
− g
4
(
2 Σ0R
c
γµΣ+R
c
W+µ + 2 Σ
−
Rγ
µΣ0RW
−
µ
+2 Σ+R
c
γµΣ0R
c
W−µ + 2 Σ0Rγ
µΣ−RW
+
µ − 2 Σ−RγµΣ−RW 3µ − 2 Σ+R
c
γµΣ+R
c
W 3µ
)
. (A.11)
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Now, adding Eq. (A.8) and Eq. (A.11), we get
i
2
Tr[ΣR /DΣR] +
i
2
Tr[ΣR
c /DΣR
c] ,
=
i
2
(
Σ0R /∂Σ
0
R + Σ
0
R
c /∂Σ0R
c
)
+ i
(
Σ−R /∂Σ
−
R + Σ
+
R
c /∂Σ+R
c
)
− g
(
Σ−Rγ
µΣ0RW
−
µ + Σ
+
R
c
γµΣ0R
c
W−µ
+Σ0Rγ
µΣ−RW
+
µ + Σ
0
R
c
γµΣ+R
c
W+µ − Σ+R
c
γµΣ+R
c
W 3µ − Σ−RγµΣ−RW 3µ
)
. (A.12)
Let us define two fermionic state as
ψ0 = Σ0R + Σ
0
R
c
, (A.13)
ψ− = Σ−R + Σ
+
R
c
. (A.14)
Finally, we can write the Eq. (A.12) in terms of ψ0 and ψ− as
i
2
Tr[ΣR /DΣR] +
i
2
Tr[ΣR
c /DΣR
c] ,
=
i
2
ψ0 /∂ψ0 + i ψ− /∂ψ− − g
(
ψ−γµψ0W− + h.c.
)
+ g ψ−γµψ−W 3µ . (A.15)
Furthermore, we can also simplify the mass terms in Eq. (A.2) as well using the expres-
sions of ΣR and ΣRc (Eqs. (2.1 and A.5)) and considering MΣ real, i.e.
−1
2
Tr[ΣR
cMΣ ΣR]− 1
2
Tr[ΣRMΣ ΣR
c]
= −MΣ
2
(
Σ0RΣ
0
R
c
+ Σ−RΣ
+
R
c
+ Σ+RΣ
−
R
c
)
− MΣ
2
(
Σ0R
c
Σ0R + Σ
−
R
c
Σ+R + Σ
+
R
c
Σ−R
)
, (A.16)
Now, using the relation Σ±R = C Σ
±
R
T
, one can have the following identities
Σ+RΣ
−
R
c
= Σ−RΣ
+
R
c
,
Σ−R
c
Σ+R = Σ
+
R
c
Σ−R . (A.17)
Therefore, using Eq. (A.17), we can further simplify the mass terms of triplet Σ as
−1
2
Tr[ΣR
cMΣ ΣR]− 1
2
Tr[ΣRMΣ ΣR
c]
= −MΣ
2
(
Σ0RΣ
0
R
c
+ Σ0R
c
Σ0R
)
−MΣ
(
Σ−RΣ
+
R
c
+ Σ+R
c
Σ−R
)
,
= −MΣ
2
ψ0ψ0 −MΣψ−ψ− , (A.18)
while deriving in the last line we have used the definitions of ψ0 and ψ− fields given in
Eq. (A.13) and Eq. (A.14). Finally, using Eq. (A.15) and Eq. (A.18), we can write the La-
grangian of the triplet field Σ in terms of newly defined two fields ψ0 and ψ− as
Ltriplet = i
2
Tr[Σ /DΣ]− 1
2
Tr[ΣMΣ Σ] , (A.19)
=
i
2
Tr[ΣR /DΣR] +
i
2
Tr[ΣR
c /DΣR
c]−
(
1
2
Tr[ΣR
cMΣ ΣR] + h.c.
)
,
=
i
2
ψ0 /∂ψ0 + i ψ− /∂ψ− − MΣ
2
ψ0ψ0 −MΣψ−ψ−
−g
(
ψ−γµψ0W− + h.c.
)
+ g ψ−γµψ−W 3µ . (A.20)
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